Abstract-UV absorption spectra and circular dichroism spectra of aqueous solutions of cytosinand thymine-containing single-stranded Oligodeoxyribonucleotide 5'-CCTTTCCTTTTCCTTTCC-3'(ckit4) were measured at various рН in the range 3.3-8.9. The chemometric analysis of the multiinstrumental data matrix was carried out. The diagrams of relative contents of complex forms of the DNA molecule absorbing in the studied wavelength range (220-320 nm) were constructed by the ALS-MCR soft simulation procedure without initial postulation of their chemical compositions. The model of equilibrium complex formation describing observed changes in the spectra depending on the solution acidity was developed on the basis of the matrix method. Intrinsic protonation constants of the oligonucleotide ckit4 were calculated. The formation of intramolecular complexes between cytosine С.С + bases in the studied DNA molecule is of a cooperative nature, and their subsequent protonation is an anticooperative process.
It is supposed that in the case of ckit4 this structure consists of 4 locks organized from 2 parallel duplexes fastened in the antiparallel orientation. The structure is stabilized due to formation of intramolecular complexes between protonated and free cytosine bases С.С + (see scheme).
Synthetic oligomers of definite length and sequence have recently found a wide application as models of the polymeric DNA and RNA [19] . The oligonucleotides forming i-motif structures have a transcriptional activity in some genes and also find application in nanotechnologies [20] [21] [22] [23] . Though i-motif structures are preferably formed in weakly acid solutions, there are proves of their existence in vivo. It is supposed that i-motif structures are formed in human chromosomes and in promoting locales of some genes [24] .
The present work was fulfilled with the aim of developing a procedure for joint application of ALS-MCR and matrix simulation methods, taking, as a case in point, the study of the mechanism of protonation of a singlestranded DNA oligomer in an aqueous solution on the basis of spectrometric titration data. [12] . The use of the chemometric analysis allows spectrometric data tj be described using so-called "soft model." The soft simulation of equilibrum interconversions consists in constructing diagrams of concentration profiles of abstract spectral forms participating in interconversions in a system. These profiles can be used to build the model of the system having a physical sense, so-called "rigid model." Parameters of a rigid model (equilibrium constants) in the case of a complex formation with non-polymeric ligands can be calculated from diagrams constructed with the use of evolving factor analysis [25] [26] [27] . It has been shown that in the case of a single-stranded polymer [28, 29] parameters of equilibrium reactions in a system with a concentration selectivity can be calculated immediately from the diagram constructed by means of ALS-MCR. In the absence of selectivity, the parameters of a complex formation involving a polydentate molecule are calculated from diagrams ALS-MCR with a constant error [30] .
Expansion of multivariable dependences by means of the MCR-ALS procedure
Calculation of intrinsic constants of the oligonucleotide protonation by a matrix method. In the present work the modified matrix model [7] was used to calculate equilibrium protonation constants of the oligomer under study. The basic allowance of the matrix model consists in the fact that the central molecule contains vacancies in fixed positions, which can add ligands. In the case under consideration the process is in essence the adsorption of protons by a DNA molecule caused by the presence of specific functional groups. In a neutral medium the molecule has the conformation of a stretched helix, and when рН decreases, the molecule is rolled up due to formation of intramolecular hydrogen bonds between protonated and neutral cytosine bases (see scheme). Thus an intramolecular complex is formed, in which half of the bound bases is capable to add protons, but constants of their protonation differ from the corresponding constants for the free bases in a neutral medium.
According to the matrix method, the model of the complex formation with an oligomer, capable of essential variation of its molecular structure depending on the complex formation degree, can be presented as follows. Let complexes [PnHn] n+ (n = 0, 1, 2, …, N) are formed in equilibrium conditions by the addition of ligands (in our case of protons) to vacancies of a polynucleotide molecule (Pn). The whole set of complexes is present irrespective of concentrations of components, and the relative oligomer distribution between forms is defined by the stability of corresponding compounds. The set of constants describing stability of each configuration of [PnHn] n+ complexes can be presented in the form of the product of equilibrium constants of ligand addition to separate vacancies (βki) [Eq.
(1)]. Here K‾ = K in is an intrinsic equilibrium constant of the reaction of the first ligand (proton) addition to a central molecule and ω ki is a correction for mutual influence. In the present work we have considered the instance when three independent variables K in , ω c , and ω a are necessary to describe the whole process. In our case it is accepted that four forms are formed: free polynucleotide I, molecule II with one proton added, partially protonated form III, which has formed an i-motif intramolecular complex, and form IV, which has lost the i-motif structure. When a secondary structure is formed each constant of a vacancy protonation is multiplied by ω c . When the intramolecular complex is protonated the constant is additionally multiplied by ω a . The i-motif structure is lost when the number of protonated intramolecular pairs is greater than a half of the total number of added protons. To summarize concentrations of [PnH n ] n+ in various configurations falling into to a particular form, we shall introduce a matrix Р(2 N , 4). Elements of this matrix are equal to N in the column corresponding to the selected form, and the other elements are equal to zero. Now we can calculate the matrix of fractions of equilibrium forms
is the equilibrium concentration of protons; s = [0, 1, 2, …, N]; ω is the correction for mutual influence; × and T are signs of elementwise and ordinary multiplication of matrixes and a sign of matrix transposition.
Procedure of the calculation of optimal values of model parameters.
According to Bouguer-Lambert-Beer's law, the formula for the calculation of extinction in the matrix form can be written as Eq. (4). (4) Here E is a matrix of molar extinction coefficients at the wavelengths selected for measuring; c f is a matrix of equilibrium concentrations of forms at any ligand concentration. Values of the matrix E elements were calculated for current values of optimized parameters using the procedure of matrix division [Eq. (5)], which is equivalent to the procedure of multiplying by the pseudo-versed matrix [31] . (5) Here A exp is a matrix of experimental extinction values at selected wavelengths for UV absorption spectra and absolute ellipticity values for circular dichroism (CD) spectra. In the matrix calculated by Eq. (5) negative values were equated to zero, after which it was substituted in Eq. (4) . Then the sum of squared deviations (6) of experimental values of absorption A exp (F exp ) from the corresponding values calculated by the minimization of А calc (F calc ) was calculated.
(6) Formula (6) was used also for the determination of matrix model parameters on the basis of diagrams obtained by the ALS-MCR method. In this case the sum of squared deviations of all elements of the concentration matrix calculated by means of ALS-MCR c f exp (F exp ) from the corresponding values calculated in the next iterative step F calc by Eq. (3) was minimized. In the present work the standard Levenberg-Marquardt's algorithm of the nonlinear least squares method [32, 33] was used to determine the minimum of S by variation of independent variables (K‾, ω c , and ω а ). The optimization was stopped when changes of the model parameters ceased to cause appreciable decrease in S, which corresponds to the minimum of the calculation error. The error was calculated in the matrix form by Eq. (7).
The hypothesis about the model adequacy was checked by the analysis of homogeneity of the experimental and calculated absorption variance [34] . Tabulated values of Fisher's criterion F tabl (α 0.05) were used in the check. According to the principle of maximal likelihood, under the condition of homogeneity of variance values, the parameters corresponding to the minimum of the РЕ function correspond to the most probable model of a system. For the profiles found by means of ALS-MCR, the experimental variance is unknown. Therefore the check of the hypothesis about coincidence of experimental and calculated profiles by the statistical criterion was not carried out in this case.
We Singular value decomposition (SVD) of the A exp matrix shows that the data variance can be described within the limits of ordinary experimental accuracy, using three principal components. It is necessary to note that the use of four components does not give rise to the rank deficit problem. On this basis we have analyzed the experimental data matrix in the next step by means of the ALS-MCR procedure of soft simulation in view of 3 and 4 components. The results of the ALS-MCR application are given in Table 1 . The distribution diagram calculated for three components is shown in Fig. 2 . On the basis of the spectra and known data on the ckit4chemical behavior, spectral forms can be assigned to the non-protonated form of polynucleotide I, passing on рН decrease in the protonated form III having a characteristic structure. As рН decreases further, ckit4 is transformed to the completely protonated coil-like form IV. However for the formation of a stable i-motif structure ckit4 should add two or three protons. Thus, on the ground of chemical reasons, there should be also the monoprotonated ckit4 form II. The presence of the fourth form is confirmed by the presence of a small neglected dispersion at рН 6-6.5. The result of the decomposition of the data matrix on the assumption that four forms of complexes are formed is shown in Fig. 2 . It is seen from the figure that the spectrum profile and the concentration profile of form II contain a very high noise level. Such sensitivity to experimental errors is caused by a low relative content and hence by a selectivity deficit leading to a systematic error in calculations and to rotational uncertainty.
It was noted in the literature that rotational uncertainty is characteristic of all methods of the decomposition of matrixes of the spectrometric analysis data connecting a total instrumental signal with contributions of individual (pure) components of a system [35] . It seems to be one of main reasons for the simulative uncertainty of the spectrophotometric titration data for systems with an incomplete concentration or spectral selectivity. As a rule, in such systems an apparent decrease in the rank of experimental data matrix is observed. To determine more precisely the shape of the form II spectrum and its concentration profile, we have carried out calculations using a hypothesis about a chemical model of system, i.e. taking into account the material balance equation and the law of mass action.
Using the soft-simulation diagrams, we can make a series of conclusions about the character of chemical transformations occurring in the system. Correlating spectral forms with explicit chemical forms allows us to find the рН range where the ratio of concentrations obeys the law of mass action. According to this law, when several protons are added simultaneously during the formation of a protonated complex, relation (8) should be obeyed.
It follows from the analysis of the experimental data that i-motif is formed in the region of pH 6 by simultaneous addition of three protons. The dependence of log (K assoc ) on pH at n = 3 is shown in Fig. 3 . It is seen from it that in the region of pH 6 the value of the function is independent of the argument; therefore, in the specified region the model described by Eq. (8) asserts. Using Eq. (8), we have calculated protonation constants and numbers of the protons participating in the transitions. The result of the analysis of diagrams of distribution over forms calculated by ALS-MCR (for three forms with a limitation on unimodality) is presented below. It is necessary to note that the calculated parameters are valid only in narrow pH ranges. In the conjugated ranges the protonation process is of the cooperative or anticooperative character. To describe the titration in the whole studied рН range, we applied the matrix method.
Originally we have checked up the hypothesis that the variation of spectra is caused by the intercomversion of three spectral forms. Such allowance is valid if the spectrum of a monoprotonated form is strongly correlated with the spectrum of any other form. In this case the concentration profile is the sum of concentration profiles of the forms with correlated spectra. As it is seen from the above data, the protonation parameters calculated from the ALS-MCR diagram and directly from the experimental data are sufficiently close to each other. The found values of the parameters show that the formation of the i-motif complex is a cooperative process, and its protonation is accompanied by the anticooperative effect. It can be explained by the fact that in the stage of the molecule folding in the i-motif structure additional hydrogen bonds are formed in the structure of the complex, which are broken in the second stage when passing in the state of a statistical coil. The discrepancy between the profiles found by means of ALS-MCR and most close to them profiles calculated on the basis of the matrix method is 7.4%. It is necessary to note that the results obtained by the optimization of the matrix of UV absorption are somewhat different. In this case the cooperativity of the i-motif complex formation is exhibited not so noticeably, and the anticooperativity of its destruction is much less. The shapes of the spectra found by the expansion of the matrix by the ALS-MCR procedure and by the application of the matrix model considering three forms practically coincide. It follows from the ALS-MCR data that the addition of the fourth component in the matrix expansion actually leads to the splitting of the form dominating in neutral and weakly acid solutions. Using the matrix model, as it was the case with three forms, we have optimized various target functions. The resulting protonation parameters are presented in Table 2 . The use of four forms improves the description of only UV absorption matrix. The error in the description of the CD data matrix slightly increases. Similarly to the use of three forms for the description, a certain difference is observed in the results obtained by the optimization of the UV absorption matrix. In this case cooperatively of the i-motif formation is completely not exhibited.
The diagram of ckit4 distribution by forms of complexes is shown in Fig. 4 . It is seen from the figure that form III dominates at рН 4.5-5, therefore this field can be considered as the concentration-selectivity field. There are no concentration selectivity regions for forms II and IV. The absorption spectra of individual forms of complexes calculated using ALS-MCR and the matrix model are shown in Fig. 5a . The spectra calculated by the both by methods have an equal shape in spite of the absence of concentration selectivity. A hypochromic shift is observed on passing from form IV to form III, as well as on the (II → I) passing. As known, this effect is observed on passing from a statistical coil state to an ordered structure if it is results in a parallel orientation of the moments of the π-π* quantum transitions located in the plane of nucleic bases [36] . We assume on this basis that, as a result of the first proton addition, the oligomer molecule loses its original structure and probably takes a bend, which makes easier the formation of the i-motif structure upon the further protonation. The CD spectra found for separate forms are shown in Fig. 5 . In this case owing to the absence of concentration selectivity the spectrum of forms II found by ALS-MCR has an irregular shape. In the matrix model this spectrum has a smoothed appearance that has a clearer physical sense. It is seen from the figure that the spectra of forms I, II, IV are similar to each other. The spectrum of form III differs from them by much higher values of molar ellipticity both in the region of a minimum and in the region of a maximum, i.e. the absorption intensities for counterclockwise-polarized and clockwise-polarized light strongly differ from each other, which is a characteristic indication of the formation of the special i-motif structure.
In conclusion we can note that scheme developed in the present work for the mathematical analysis of changes in the absorption and circular dichroism spectra occurring upon рН variation in the aqueous solution of a DNA oligonucleotide has allowed us to understand chemical stages of the protonation process more deeply. The combination of soft and rigid simulation has made it possible to determine not only spectral forms and abstract diagrams of their concentration distribution, but also their chemical nature, and to calculate the spectra of particular chemical components of the system under study. A good coincidence of experimental and calculated data suggests that the offered scheme of the analysis can be further effectively used for the description of similar systems.
EXPERIMENTAL
The nucleotide sequence 5'-CCTTTCCTTTTCCTTTCC-3' was synthesized with the aid of an automatic DNA synthesizer (Applied Biosystems Mod. 392), using standard 2-cyanoethyl phosphoramidites. The oligonucleotide was purified with a cartridge according to the producer instruction. Desalting of the reaction product was carried out using a Sephadex G-25 column. The reagents KCl, MgCl 2 6H 2 O, HCl, and NaOH were purchased from Panreac (Spain). To prepare solutions, MilliQ® water was used. 
